The potential of micro-hydropower generation has been evaluated in seven communityowned rural water supply networks (CORWSN) in Ireland. The replacement of the existing infrastructure in place to reduce pressure in the networks with micro-hydropower turbines (Scenario 1) was considered. New potential locations for additional pressure reduction were also considered (Scenario 2). An assessment of the energy potential and economic viability of each site was carried out, including quantification of leakage reduction impacts. While only one of the seven CORWSNs showed two potential sites with power higher than 1 kW, the power generated can still have significant impacts on local energy demands. The estimated total energy saved in Scenario 2 ranged from 0.63 MWh year −1 to 84.5 MWh year −1 according to the micro-hydropower potential in each CORWSN. Furthermore, water savings from 4348 € m −3 to 73,264 € m −3 were estimated due to the reduction of leakage volume after installing micro-hydropower turbines at the potential sites detected in Scenario 2. Thus, the water cost saving associated to the reduction of leakage volume makes the incorporation of this element in the networks feasible.
Introduction
The increasing pressure on both water and energy resources along with the growing impacts of climate change are leading to the necessity for improved management of both. The water sector, with an energy consumption worldwide of 120 M t in 2014 [1] and with an expected increase in the coming years, is an intensive energy consumer. Hence, the search for measures related to the reduction of the energy consumption is highly recommended.
In water distribution networks, energy is often required to supply water to each consumer. However, there are other situations in which energy is dissipated to avoid excessive pressures and, consequently, pipe bursts and leakages, by using break pressure tanks (BPTs) or pressure reducing valves (PRVs). One effective measure to reduce the energy dissipation in water networks consists of the replacement of BPTs/PRVs with micro-hydropower (MHP) turbines and more specifically, pumps as turbines (PATs).
An assessment of MHP in the UK and Irish water industry estimated a potential energy generation of 17.9 GWh per annum, showing the capability of this technology to improve the sustainability of this sector [2] . Several works related to the energy recovery by MHP have been developed. Some of them have focused on the optimal location of PATs in a network to maximize the energy recovery and water saving [3, 4] , whereas the joint optimization of energy recovery, pumping cost and leakage reduction has also been considered [5] .
Taking into account the benefits that MHP can entail in rural areas [6] , in this work, the potential of MHP generation has been evaluated in community-owned rural water supply networks (CORWSN) in Ireland [7] . Moreover, the associated leakage reduction that would arise as a result of new PAT installations and the resulting water cost saving have been also analysed.
Methodology

Case Study
The potential of MHP generation has been evaluated in seven CORWSN in Ireland (Figure 1 ). The selected networks operate by gravity. The average flow in these networks ranges from 1.7 L s −1 in Kilcredan GWS to 13.8 L s −1 in Blackstairs GWS (Table 1 ). Infrastructure to reduce pressure such as PRVs of BPTs can be found in Ballacolla GWS, Ballinabranna GWS, Blackstairs GWS, Heath GWS and Kilanerin GWS. No devices to reduce the pressure were located in the other two CORWSNs.
Problem Approach
The MHP potential, HPPAT (W), at each potential site in each CORWSN was determined by Equation (1):
where PAT is an index related to the PAT, ρ is the water density (kg m −3 ), g the gravity acceleration (m s −2 ), QPAT the flow rate through the PAT (m 3 s −1 ), HPAT the hydraulic head available at the PAT (m) and η the efficiency of the PAT. The efficiency varies according to the pair of values QPAT and HPAT. However, to simplify the model a constant value of 0.66 has been assumed in this work [4] . The determination of the pair of values Flow-Head for each potential site was carried out in EPANET [8] . As constraints, the physical laws of mass and energy conservation were satisfied.
Hydropower Potential Estimation by the Elevation Dimensionless Coordinate
One of the main variables involved in the determination of the hydropower potential was the geodetic variation across the network. Thus, a new dimensionless coordinate, z*, to estimate the hydropower potential in a network was proposed: * , ∈ (2) where i is an index related to node, nnodes the number of nodes, zi the elevation of node i, r an index related to the reservoir and Hr the reservoir head.
Hydropower Potential Indicator
A new indicator which informs about the energy that could be recovered from a network was proposed. This new indicator, HPER, relates the energy recovered by hydropower, HEr (kWh) and the energy supplied by the network, HEs (kWh), which in gravity networks is related to the flow and the head provided by the reservoir.
HEr can be determined by Equation (4):
where nPAT is the number of PATs considered to install in the network and t (h) the time considered for the estimation of the recovered energy. HEs was calculated by the following expression:
where nr is the number of reservoir in the network and Qr (m 3 s −1 ) the average flow provided by the reservoir r.
Estimation of Water and Cost Saving by Leakage Reduction
The installation of elements to reduce pressure at nodes at new potential sites not only could entail energy recovery, but also a reduction of leakage volume and hence, water cost savings due to lower pressures. The water cost saving was determined by the following equation:
where cw is the water cost (€ m −3 ), Vlo and VlPRV (m 3 day −1 ) are the volume of leakage in Scenario 1 and Scenario 2, respectively, and ndays is the number of days of the year. Leakage volume was obtained by Equation (7):
• ∆
where p is an index related to the demand pattern, np is the number of periods in which the demand pattern is divided, Ql(p) is the total leakage flow (m 3 s −1 ) and ∆t(p) is the duration of each period (s). The total leakage flow can be allocated in the nodes (i) of the network considering a pressure-driven demand [9] :
where ni is the number of nodes of the network and qli is the leakage flow at node i (L s −1 ), determined by Equation (9):
where β is the emitter exponent which takes into account the pipe material and the shape of the orifice (1.18 has been assumed in this work [9] ), Pi is the pressure (m) at node i and ci is the discharge coefficient, calculated by the following expression:
, j is an index related to pipe, Kji is the number of pipes connected to node i and Lji is the length of the pipe j connected to node i (m).
To determine ci, the leakage flow obtained as the 80% of the minimum night flow, was assigned as base demand to each node and the hydraulic simulation of the network was carried out in EPANET [8] . From this simulation, pressure at nodes were obtained and the initial α value was determined. Afterwards, following the methodology proposed by [9] an iterative process was carried out to determine α. Then, two types of demand were assigned to nodes, one associated to leakage and pressure-dependent and the initial base demand. The accomplishment of the continuity equation was carried out by adjusting the demand pattern dpl(t), using a genetic algorithm [10] according to Equation (11):
where Qt(t) is the total flow recorded at time t and qi is the base demand at node i.
Economic Analysis
Finally, to evaluate the feasibility of the installation of a PAT at a certain potential site, the payback period, PPPAT (year) was determined since this is the key driver for a MHP installation [2] :
where CtotalPAT is the total cost of MHP facility (€), including the PAT cost, CPAT, and the costs related to the PAT control, commissioning, civil works and hydraulic equipment, grid connection, project costs and maintenance costs (15% of the total costs was considered as maintenance cost [4] ). Costs from 9 PAT sites installed at different countries were collected and from these data the average PAT cost was estimated to be the 26% of the total cost. ie is the savings from displaced electricity costs (ie = 0.17 € kWh −1 has been assumed in this work [11] ). CPAT (€) was estimated using the expression corresponding to a two magnetic pole pair machine [12] :
12864.77 • 949.93 (13)
Results and Discussion
Daily and/or hourly flow records were collected in each CORWSN. From these data, a base demand was assigned to each consumption node according to the users they supply. When hourly data were available, the demand pattern was determined taking into account these records. Otherwise, a demand pattern obtained from the CORWSNs with available data was selected.
Elevation Dimensionless Coordinate
z* coordinate for each node and each CORWSN was calculated. The lower the values of z*, the lower the elevation of the nodes with respect to the reservoir/s head. Thus, Ballinabranna and Blackstairs showed the lowest z* median value and furthermore, the z* value for the 75% of the nodes was below 0.5 ( Figure 2 ). Thus, a priori, the hydropower potential in these networks was expected to be high. A z* median value around 0.5 was determined in Kilanerin. Thus, the hydropower potential in this network could also be high. In contrast, Kilcredan and Ballacolla showed z* median values above 0.7 which means the elevation of 50% of the nodes was below but close to the reservoir/s head. Hence, the expected micro-hydropower in these CORWSNs will not be very significant. The z* median values in Heath and Caherlesk were 0.61 and 0.65, respectively and in both networks, several nodes with elevation close to reservoir elevation were detected. 
Potential Micro-Hydropower in the CORWSNs
The micro-hydropower potential was determined at each PRV and/or BPT located in the networks (Figure 3a) . Blackstairs GWS showed the highest pair of values for flow-pressure, of 13.7 L s −1 and 67 m. Other sites in this network also showed high values of flow-pressure. Ballinabranna GWS and Kilanerin GWS showed high pressure values at the current sites although the flow in these sites was low. Both pressure and flow at the current PRVs in Heath were low. In Caherlesk and Kilcredan there are no existing devices to reduce the pressure. As for the MHP determined at each CORWSN, only those values which involved a payback period less than 10 years were considered as acceptable values. As could be expected, the highest MHP value, 6.00 kW, was detected in Blackstairs. In the rest of the sites in this network, the hydropower ranged from 0.41 kW to 0.77 kW. Four sites in this network did not show hydropower potential. Ballinabranna hydropower potential was 0.48 kW and 0.37 kW with payback period of 6 and 8 years, respectively. The MHP potential in Kilanerin was 0.55 kW, with a payback period of 6 years. For the rest of the networks, the MHP potential was very low and with associated payback period exceeding 10 years. New potential sites were detected at each CORWSN and the MHP energy recovery was determined considering the installation of a PAT at each site. Two different potential sites were proposed in Ballacolla, one in Ballinabranna, six in Blackstairs, two in Caherlesk, one in Kilanerin and three in Kilcredan. In Heath the current sites were maintained but the pressure setting at each PRV was reduced. In Ballacolla, the pairs of values flow-pressure at the new potential sites were higher than the values associated to the existing sites (Figure 3b 
Kilcredan
The hydropower potential indicator in Scenario 1 showed high values for those networks with low values of the z* coordinate (Ballinabranna, Blackstairs and Kilanerin) and reduced values in Ballacolla, Caherlesk and Kilcredan, where nodes elevation was close to the reservoir elevation. Nevertheless, the value of this indicator increased in all networks in Scenario 2. In Caherlesk, without any element to reduce the pressure currently, HPER showed a significant increment whereas a lesser increase was determined in Blackstairs and Ballinabranna, where the current MHP potential was high (Figure 4) . The estimated total energy that could be saved in Scenario 2 ranged from 0.63 MWh year −1 in Kilcredan to 84.5 MWh year −1 in Blackstairs. As for the payback period in Scenario 2, only three of the potential sites proposed in Blackstairs entailed periods lower than 10 years. However, the installation of the elements to reduce pressure implied also lower pressure at nodes and hence, a reduction of the leakage volume and water distribution costs. Thus, significant water savings were determined in all networks, with values ranging from 4348 m 3 year −1 in Ballinabranna up to 73,264 m 3 year −1 in Blackstairs ( Figure 5 ). In contrast to Blackstairs, the lower value estimated in Ballinabranna was due to both the reduced size of this network and the location of the potential site, which only affected a few nodes. The estimation of the water cost saving was carried out considering the current running cost of the CORWSN when these data were available. Otherwise, a value of 0.3 € m −3 was assumed [4] . Water cost saving ranged from 1304 € year −1 in Ballinabranna to 21,979 € year −1 in Blackstairs. What is more, the payback period was calculated again considering the water cost saving associated to the leakage volume and the new payback period was lower than 10 years at all the new proposed potential sites and in all networks. 
Conclusions
The micro-hydropower potential in seven CORWSNs in Ireland has been evaluated. After carrying out the analysis, the CORWSNs with the greatest geodetic variations across their network showed the most promising potential for energy recovery in both scenarios. In Scenario 1, the most promising CORWSN revealed 6 potential sites for energy recovery with payback times lower than 10 years, and power generated from 0.41 kW to 6.00 kW. In Scenario 2 in the same network, one of the proposed potential sites implied a power of 1.1 kW. Although the potential for micro hydropower energy recovery in rural sparsely populated locations is low, significant water savings and hence, water cost savings could be achieved after installing devices to reduce the pressure, thus making feasible the incorporation of PATs in networks. Further investigation should consider the comparison of PRVs and PATs as element to reduce the pressure, thus optimizing the installation cost and benefits. 
